RESUMO

Temperatura é um dos principais fatores que afeta a velocidade das reações metabólicas em seres vivos. O méto-do da soma térmica tem sido o mais usado para descrever o efeito da temperatura sobre o crescimento e desenvolvimento vegetal, mas este método tem recebido críticas, pois nele é assumido uma relação linear entre crescimento ou desenvolvimento vegetal e temperatura. A resposta do crescimento e desenvolvimento vegetal à temperatura é não linear. O objetivo deste trabalho foi desenvolver uma função geral não linear de resposta à temperatura para alguns parâmetros de crescimento e desenvolvimento em kiwi (Actinidia deliciosa (A. Chev.) C. F. Liang & A. R. Ferguson). A função não linear tem três coeficientes (as temperatures cardeais
warm-temperate perennial vine crop (BRUNDELL, 1975) . It is an important crop in a selected number of countries that export most of their production, New Zealand being the largest exporter, followed by Italy and Chile (HASEY et al., 1994) . The high commercial value of the fruit is associated with its flavor and high vitamin C content, which is at least twice that of orange (HASEY et al., 1994) . Kiwifruit also has the potential of being an important crop in Southern Brazil, where climatic conditions are favorable for this crop.
Crop simulation models offer a conceptual framework for the organization of research as well as are valuable application tools for yield forecast, policy analysis, decision-making activities, crop management practices, and selection of appropriate cultivars in breeding programs. Horticulture is characterized by a high diversity of cultivation systems, and fruit, vegetable and ornamental species, but so far only few of them have been modeled (GARY et al., 1998) .
Despite the large variation in types, complexity, and levels of organization, crop simulation models have in common a growth and a development sub-models. Growth refers to the accumulation of biomass, length, area, or volume. Development refers to the differentiation and initiation of organs. These two sub-models are independent but function in synchronism, because the partitioning of assimilates to different organs is greatly dependent upon plant developmental stage. Therefore, the accurate description of growth and developmental processes is important for the success of any crop simulation model.
Among growth parameters, relative growth rate (RGR), relative leaf area growth (RLAG), and net photosynthesis rate (Pn) are frequently used in crop simulation models and they have operational definitions (PENNING de VRIES et al., 1989; GOUDRIAN & van LAAR, 1994 )], respectively. An important developmental parameter in crop simulation models is the leaf appearance rate (LAR) (HODGES, 1991; WANG & ENGEL, 1998) . The LAR is the time rate that leaves appear on a culm or vine and has dimensions of [(1) (TIME) -1 ). The integration of LAR over time gives the number of emerged leaves on each culm or vine, which is an excellent measure of plant development. The number of leaves is related to the expansion of leaf area and light interception by the canopy, and therefore, canopy photosynthesis, which in turn is related to the accumulation of dry matter and commercial yield.
Virtually all the metabolic processes in living organisms are temperature-dependent. As a consequence, temperature affects almost all aspects of plant growth and development. The first quantitative study of plant-temperature relationship is attributed to René A. F. de Réaumur around 1730 (RÉAUMUR, 1735 . Since then, the concept of heat units, or thermal time, has been widely used to describe the temperature response in plants and insects (see WANG, 1960; ARNOLD, 1960; PRUESS, 1983 for detailed reviews).
Thermal time is attractive and convenient because it is simple and it vastly improves the prediction of plant temperature-related processes under field conditions compared to other time descriptors such as time of the year or number of days after sowing (GILMORE & ROGERS, 1958; RUSSELE et al., 1984; McMASTER & SMIKA, 1988) . In its simplest way, thermal time is calculated by accumulating the number of degrees above a base or threshold temperature (T base ) in a linear fashion, either on an hourly ( o C h -1 ) or on a daily basis ( o C day -1 ) (McMASTER & SMIKA, 1988) . The thermal time approach, however, has been criticized because it assumes a linear relationship between the rate of biological processes and temperature (WANG, 1960; McMASTER & WILHELM, 1997) . The response of biological systems to temperature is linear in only a portion of the temperature range that affects biological processes, and is better summarized in terms of three cardinal temperatures, namely the minimum (T min ), optimum (T opt ), and maximum (T max ) temperatures (JONES, 1992; SHAYKEWICH, 1995) . In this paper, T min is differentiated from T base to refer to nonlinear and thermal time approaches, respectively. The rates of simple chemical reactions increase exponentially with increasing temperature, starting at T min , following an Arrhenius-type equation (ARRHENIUS, 1889). Biological reactions, however, have an optimum temperature, with reaction rates declining at temperatures above T opt . The primary reason for the decline in the reaction rate at supraoptimal temperatures is that most biological reactions are enzyme catalyzed. At high temperatures, the catalytic properties of most enzymes are harmed and the total amount of enzyme present may fall as a result of increased rates of denaturation, and the reaction rate decreases to zero at T max (SHARPE & DeMICHELE, 1977) . Therefore, close to T min and T opt , the response of biological processes to temperature is nonlinear (SHAYKEWICH, 1995) .
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To minimize the empiricism of the simplest approach to calculate thermal time, some authors proposed an upper threshold at T opt (GILMORE & ROGERS, 1958; WANG, 1960; McMASTER & SMIKA, 1988) . A further refinement of the thermal time approach includes a linear decrease of the rate of the process from a maximum value at T opt to zero at T max (KINIRY & BONHOMME, 1991; BAKER et al., 2001) . These modifications of the original way to calculate thermal time, however, are still not enough to overcome the empiricism of the approach because it is composed of a combination of linear equations, which introduces abrupt changes at the transition points of the response function. The response of plant processes to temperature is smooth and continuous, which can cause a significant departure from the linearity (SHAYKEWICH, 1995) . The thermal time approach has also other disadvantages: (i) it is confusing how people implement the calculation of thermal time on a daily basis, i.e., sometimes the average daily temperature is subtracted from T base and sometimes the minimum and maximum temperatures are subtracted from T base and then averaged (McMASTER & WILHELM, 1997) ; (ii) it lacks generality because either the end points of the function, defined by T base , T opt , and T max , or the total number of °C for completing a given process or developmental phase are often dependent on genotype, and for many genotypes these values are unknown (McMASTER & SMIKA, 1998; KINIRY & BONHOMME, 1991) .
To overcome the criticism of the thermal time approach, nonlinear temperature response functions have been introduced in models of several field crops (HORIE, 1994; WANG & ENGEL, 1998; JAME et al., 1999) . Nonlinear functions also introduce elegant and smooth responses in the model. In this new approach, the temperature response function [f(T)] varies from 0 to 1 and is multiplied by the maximum rate of the process being modeled, which is attained under optimum environmental conditions. When the temperature departs from T opt , the actual rate decreases as a function of f(T). However, a literature search showed that thermal time is still being used in models of horticultural crops, including kiwifruit (e.g. MORLEY-BUNKER & SALINGER, 1987; LESCOURRET et al., 1998 LESCOURRET et al., , 1999 . This comprises a rationale for developing a nonlinear temperature response function in kiwifruit models.
The objective of this study was to develop a generalized nonlinear temperature response function for some growth and developmental parameters in kiwifruit. A nonlinear function is more realistic that the thermal time approach from a biological point of view, and a generalized function for different growth and developmental parameters reduces the number of input data in kiwifruit simulation models.
MATERIAL AND METHODS
A typical biological response to temperature from T min to T opt follows a logistic curve (SHAYKEWICH, 1995) . The response increases slowly as temperature increases from T min , it increases in a linear fashion at intermediate temperatures, and the rate of increase decreases as temperature approaches T opt , where the response is at a maximal. At temperatures above T opt , the response decreases and eventually ceases at T max . The beta function used by WANG & ENGEL (1998) , to describe the response of development to temperature in wheat (Triticum aestivum L.), was used in this study to describe the temperature response of RGR, RLAG, Pn, and LAR in kiwifruit. The temperature function [f(T)] varies from 0 to 1 and is defined as:
where T, Topt, and Tmax are the cardinal temperatures (minimum, optimum, and maximum). Equation (1) with a = 1.47477. The response curve generated with eq. (3) is plotted in figure 1 . The thermal time function used in kiwifruit models (MORLEY-BUNKER & SALINGER, 1987; LESCOURRET et al., 1998 LESCOURRET et al., , 1999 was also used in this study as a comparison with eq. (3). These kiwifruit models use a T base = 7.5 o C for the thermal time function and no T opt and T max is assumed, i.e., the thermal time is accumulated over T base without an upper threshold. The assumption of no upper threshold value in the thermal time is not realistic, and for a fair comparison with eq. -2 s -1 , and PPFD = 280 mmol m -2 s -1 ) reported in the literature were used. These data are from experiments in controlled-environment rooms carried out at Palmerston North, New Zealand. The growth and developmental parameters data are of the female cultivar Hayward, the most widely commercially grown kiwifruit cultivar worldwide (HASEY et al., 1994) . The data of RGR, RLAG, and LAR were taken from MORGAN et al. (1985) , and Pn from LAING (1985) . Data of Pn are only at high PPFD in the original paper. Growth parameters data were presented in Tables in the original papers. The LAR data were extracted from a Figure in the original paper, which was enlarged to minimize random errors of interpolation. In all cases, data were normalized to vary from 0 to 1 by dividing each value by the maximum value, which was either at 20 or 25 o C.
The temperature response predicted both with eq. (3) 
RESULTS AND DISCUSSION
The observed data of growth and developmental parameters (RGR, RLAG, Pn, and LAR) of the kiwifruit female cv Hayward grown at different temperatures and two light intensities, and the temperature response curve predicted with eq. (3) and with the thermal time function are presented in figure 2 .
The observed data show a maximum response in the range of 20 -25°C and a decrease when temperature departs from T opt . Also, the observed data, as they were normalized with respect to their maximum, all fall into a similar pattern of response to temperature at both PPFD levels, suggesting a general type of response for different growth and developmental parameters.
Photosynthesis is very sensitive to temperature, with both physical and biochemical limitations playing a role to decrease Pn at sub-and supra-optimal temperatures (PENNING de VRIES et al., 1989; JONES, 1992 ). An increase in Pn as temperature increases from T min to T opt is a result of an increase in either one or both stomatal and mesophyll conductance to CO 2 , and an increase in the activity of the enzyme ribulose 1,5-bisphosphate carboxylase (Rubisco) with temperature (LUDLOW & WILSON, 1971; JONES, 1992) . A decline in Pn as temperature increases from T opt to T max is associated with a decrease in either one or both stomatal and mesophyll conductance to CO 2 with temperature (LUDLOW & WILSON, 1971 ), a rapid increase in dark respiration (and in C 3 plants, like kiwifruit, photorespiration as well) with temperature (JACKSON & VOLK, 1970) , and an inactivation of Rubisco at supra-optimal temperatures (JONES, 1992) . Another reason why Pn decreases at supra-optimal temperatures in C 3 plants is that the solubility of CO 2 decreases relatively faster than the solubility of O 2 , causing a unbalance between carboxylase and oxigenase activities of Rubisco, which leads to an O 2 inhibition at the carboxylation site that decreases Pn (LAING et al., 1974; EHLERINGER & BJÖRKMAN, 1977; KU & EDUARDS, 1977) . Other growth parameters like RGR and RLAG are largely dependent upon Pn (but not only), and therefore show a temperature response similar to the Pn response to temperature. Leaf area expansion is also dependent on cell division, which is also temperature-sensitive (JONES, 1992) . The appearance of leaves is a result of other processes such as leaf initiation, and cell division and growth, which are also very sensitive to temperature (KIRBY, 1990; HAY & KIRBY, 1991) . The observed data in figure 2 also show that a linear response occurs only at intermediate temperatures ( , the response is nonlinear. This trend was captured by the beta function (eq. 3), which had an excellent performance over the entire range of observed data (RMSE was 0.05 and 0.04 at high and low PPFD, respectively). The performance of the thermal time approach, however, was not good (RMSE was 0.26 and 0.25 at low and high PPFD, respectively), with under prediction of most of the observed data except when the temperature is optimum (Figure 2 ). Note that, in addition to the linear response, a value of T base = 7.5 o C, commonly used for kiwifruit (MORLEY-BUNKER & SALINGER, 1987; LESCOURRET et al., 1998 LESCOURRET et al., , 1999 , is also not an appropriate assumption in the thermal time approach (Figure 2 ). The T base in the thermal time function was also set to 0 o C, but even then the response was under predicted (data not shown), with RMSE of 0.16 and 0.15 at high and low PPFD, respectively, indicating that eq. (3) is still better.
Response functions used in crop simulation models are usually different for different processes (PENNING de VRIES, 1989) . This is often a problem, because the coefficients of the functions are unknown. Occam's Razor is encouraged in crop modeling (SINCLAIR & MUCHOW, 1999) , i.e., the simplest theory is preferred to more complex ones or explanations of phenomena should be in terms of . Observed data are from experiments in controlled-environment rooms carried out at Palmerston North, New Zealand, and extracted from MORGAN et al. (1985) and LAING (1985) : RGR = relative growth rate, RLAG = relative leaf area growth, Pn = net photosynthesis rate, and LAR = leaf appearance rate.
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Ciência Rural, v. 33, n. 2, mar-abr, 2003. known quantities. Therefore, the search for generalized response functions is a major goal in crop modeling. As shown in this study, the response of different growth and developmental parameters to temperature in kiwifruit can be described by a generalized nonlinear function.
Several reasons contribute to adopt eq. (3) as a generalized temperature function for growth and development in kiwifruit. Firstly, the coefficients (the cardinal temperatures) have biological meaning. Secondly, eq. (3) is a robust and general function, as the cardinal temperatures (T min , T opt , and T max ) were derived from independent studies and different species. Thirdly, eq. (3) was a better predictor of the temperature response of different growth and developmental parameters at two different PPFD levels than the existing approach (thermal time). Fourthly, the function (eq. 3) describes what is currently accepted in terms of temperature response of biological systems (SHAYKEWICH, 1995) . At temperatures close to T min , the response is close to 0, the response increases in a linear fashion at intermediate temperatures, the response reaches a maximum when temperature approaches T opt , and the response decreases afterwards to 0 at T max . Fifthly, the response of eq. (3) is more realistic than the thermal time approach (Fig. 2) . Biological systems are more likely to respond to environmental factors in a smooth and continuous fashion rather than in a combination of linear functions that introduce abrupt changes in the response (SHAYKEWICH, 1995) .
The assumption of T min = 0 o C in eq. (3) was reasonable for kiwifruit. The assumption of a T min = 0 o C has been successfully used in models of other winter and summer crops (WANG AND ENGEL, 1998; YAN & HUNT, 1999) . A T base = 7.5 o C for kiwifruit, however, seems to be not appropriate, even though it has been used in kiwifruit models (MORLEY-BUNKER & SALINGER, 1987; LESCOURRET et al., 1998 LESCOURRET et al., , 1999 . A T base =10 o C was used for grape vine (Vitis vinifera L.), a species grown in similar seasons and with similar growth habit (GITTEREZ et al., 1985; SHULTZ, 1992) . Defining correct values of cardinal temperatures for plant processes in different species and cultivars is often a constraint in crop modeling. For example, in an extensive literature review, PORTER & GAWITH (1999) attempted to summarize values of cardinal temperatures for wheat, but the results were frustrating as for several growth and development processes only values greater than or lower than a certain value are presented, or the range presented for each cardinal temperature is of several degrees. More studies aiming to determine the cardinal temperatures in different species, including kiwifruit, would be very useful for modelers.
Crop simulation models are incomplete tools and errors in the predictions are still quite frequent, including in kiwifruit models (LESCOURRET et al., 1998 (LESCOURRET et al., , 1999 . The responses of some basic plant processes to environmental factors are still poorly described in crop simulation models, and, from the results obtained here, the temperature response of growth and developmental parameters in kiwifruit (using thermal time) is one among them. The fact that the nonlinear response function presented in this paper was a better predictor of the response of growth and developmental parameters to temperature in kiwifruit compared to the thermal time approach strongly suggests that the performance of kiwifruit models can be improved. This hypothesis is open to be tested.
CONCLUSION
A generalized nonlinear temperature response function is better than the thermal time approach, and the temperature response of several growth and developmental parameters in kiwifruit can be described with the same response function. The cardinal temperatures of 0 o C, 25 o C, and 40 o C are reasonable approximations for the nonlinear response function in kiwifruit.
